Because of a dynamical character of the s-d interaction the probability of the scattering of conduction electrons by magnetic impurities is found to involve a term proportional to 2/(E) -1, where /(E) is the fermi distribution function. Since df(c)/dc is large at the fermi surface, thermo-electric power arising from the diffusion of conduction electrons becomes very large. It is found to be independent of the temperature and the concentration of magnetic impurities at the paramagnetic region. As the temperature is reduced so that kT is comparable to or smaller than the Zeeman splittings of impurity spins, it decreases in magnitude and tends to zero linearly in the temperature. It also decreases when scattering due to phonon or non-magnetic impurities dominates over the magnetic scattering.
]'he existence of giant thermo-electric powers is one of the most remarkable features of anomalies which dilute magnetic alloys show at low temperatures. \Ve have shown 1 > that the resistance minimum is accounted for by the exchange interaction between the conduction electrons and the localized spins, the so-called s-d interaction, when the· transition probability of the conduction electrons is calculated to higher orders. The purpose of this paper is to examine if the giant thermo-electric powers are also derived from the same interaction in higher order calculations.
For this purpose it is important to observe that both temperature-dependent resistivity and thermo-electric power are the consequences of an energy-dependent probability of the scattering of conduction electrons. Let c be the energy of the conduction electron measured from the fermi energy. We shall write the transition rate or the inverse of the lifetime of the conduction electron as 1/r (c) = W (c) = Wo + Wcvon (c) + WodJ (c),
where W 0 is independent of s, WmJ\ is an even function of c: and Wodu (c:) IS an odd function of c. Then Wcnu contributes to a temperature dependence of resistivity, while Wadrl contributes to a thermo-electric power, which, roughly speaking, is proportional to the derivative of Wodtl with respect to c: at c = 0.
We have found that Wm" involves a term proportional to log lsi in the case of the s-d interaction. This term is a consequence of the Pauli principle by which the. fermi distribution function, f(s), comes into play in a higher order calculation in order to select proper intermediate states. Then it will be quite natural to expect that IV might involve another term proportional to. f(r::), which has such a large derivative at 2 :c~= 0 as to give rise _to the giant thermoelectric powers in question.
That this is actually the case and that this is a consequence of the dynamical character of the s-d interaction can be seen first by examining the way in which the log lei term comes ouel 1'he matrix element of the process in which the conduction electron of the wave number l'i is scattered to the final state k' is expressed in the second Born approximation by (2) where ck = e~c' = 8 is the energy of the scattered electron, q is the wave vector of the intermediate state, f~1 denotes f( eq), and s is an infinitesimally small quantity. When the perturbation JI' is a static one, we have l-1/,._ql-l~,., = H~k'HJ~q, so that the real parts of .f, terms in Eq. (2) cancel each other. When it is the s-d interaction, the above equality does not hold on account of the noncommutativity of spin operators. As a result of it the real part involves the log lsi term. Next let us consider the imaginary part of Eq. (2). The second term involves a factor in {1-f(c)}, while the third one --inf(c). When H' is static, we sum both and obtain a factor in {1 2f(c)}. Then the transition probability, which is proportional to the absolute square of the matrix element, involves a term proportional to n 2 {1--2f(c)} 2 • 1'his is an even function of c, so that we cannot expect any remarkable thermo-electric power. *l When H' is the s-d interaction, we add together the two terms with dif-ferent weights so that the transition probability may involve a term proportional to {1-af(r::)} 2 with acc:f=2. This factor is expressed by the sum of two terms with {1-2f(r::)} 2 and 1-2f(c), the latter being an odd function of c.**l Thus in the case of the s-d interaction the transition rate including terms relevant to our problem is expressed by *> This term does not give rise to a temperature dependence of the resistivity, because its average over E----..kT is independent of T. **> We presented another way of deriving a term proportional to 2f(E) -1.2> There, we assumed that J and V are complex quantities. Then we obtain a 2f(E) -1 term even for a static perturbation. They will become complex in two ways : firstly due to an original complex character of Bloch functions: secondly due to a finite lifetime of the conduction electrons. The first does not contributes to 2f(E) -1 because of the hermitic nature of the perturbations. P. vV. Anderson manifested a strong objection to deriving a 2f(E) -1 term from the second point of view. He argued that it should be derived from the dynamical character of the s-d interaction, which view point we now take in this paper. It is not legitimate to go to higher-order calculations with complex matrix elements, which already take higher-order effects into account. .We would like to express thanks to Dr. Anderson for his valuable critique.
J Kondo (3)
Next we shall present a simple argument to see what 1s expected from Eq. (3) for the behaviors of the thermo-electric power per degree, S, due to electron-diffusion, which is roughly given by
where we have assumed that Wa> vV1, W 2 • From this we may expect that S is independent of the temperature and the concentration c of impurity atoms, when the s-d interaction is the dominant mechanism of scattering. For then Wa and W2 are proportional to c and independent of the temperature. When scattering due to phonons or non-magnetic impurities dominates over the s-d scattering, S decreases in magnitude from the value of the above expression, because, then, such perturbations will effectively increase W 0 without changing W2. As we shall see later in more detail, it also decreases when kT becomes comparable to or smaller than the Zeeman splittings of impurity spins due to the internal magnetic field.
We take the unperturbed Hamiltonian as (4) where a,.s and a/~ are the destruction and creation operators for an electron in the momentum state k and the spin state s : sk is the energy of this state measured from the fermi surface. Hn is the effective field at the impurity spin Sn located at Rn. The perturbing hamiltonian is expressed by
where i.V is the total number of lattice sites in the crystal, V is the static perturbing potential of the impurity atom, J is the effective exchange integral,
and Sn± denotes Snx ± iSny· The z axis is fixed to the crystal. The spin co~ ponent s of aks is referred to this axis. However, the direction of Hn may be different for different n. Its angle with the z axis will be denoted by 0 10 the magnitude of Hn by l-In. We consider only the case in which the average of cos On over n vanishes.
\Ve describe the wave function of the total system by assigning ks of all the occupied states and Mn, the component of Sn in the direction of Hn, of all the impurities. All the first-order processes which can be caused by H' are classified in one of the following ones:
where any combination of the signs may occur, so that we have 12 types of processes. We calculate the transition probability by a perturbation expansion, regarding V and J as being of the same order.· The use of the perturbation theory necessarily makes the following calculation of a qualitative character.
3 )
Especially the absolute magnitude of the effect cannot be predicted with preciS1on. The transition probability per unit time from the state a to the state b is given by (6) where (7) Calculations proceed in quite an analogous way to those in reference 1), except that the Zeeman energy of the localized spins makes them much more tedious.
Here the results will be described instead of worked out in detail. We have neglected correlations between two or more spins. ]'he lowest-order terms of W involve J 2 and V
•
The logarithmic term involves ./ 3 and .PV, while the f(s) term involves all the fourth-order terms. After keeping all these terms we find that only the ,]2 1l term contributes to the odd part. of r (e) (see Eq. (15)). We find
where p 1s the density of states per atomic site for one direction of spin and J Kondo (11) As mentioned above, we show here only the J 3 V term of all the terms that come from the imaginary part. One might first think that we should also take the third-order term of li' in Eq. (7), when we consider the fourth-order terms in Eqs. (8), (9) and (10) . However, since the lowest-order imaginary term of U is of the second-order, the fourth-order terms considered in Eqs. (8), (9) and (10) are the lowest ones which involve the fermi distribution function.
We suppose that there is a temperature-gradient in the x direction. Let f~ks be the distribution function for the electron ks in the presence of the temperature-gradient (and the associated electric field). Since we are excluding ferromagnetic arrangement of the localized spins, j~,s are independent of s. We denote them by f~~· The rate of change off~~ due to the collision with impurities is expressed by
(1-f~;;,)].
If we put f~r as (13) we find
where
Using Eqs. (6), (8), (9) and (10) we can express r (e 7 J as a function of elf.
Then by a standard theory, the thermo-electric power per degree is given by where v is the velocity of the electron. Since in our case the thermo-electric power is a first-order effect, v 2 and p can be taken out of the integrals with values at 8 = 0. In putting r (c) from Eq. (15) we may expand higher-order terms in powers of JjsF and V /cp. The denominator of Eq. (16) is essentially the conductivity. Since it has a temperature dependence which is not so drastic as the numerator in the temperature range of usual experiments, we may use its value at the paramagnetic region.. The integral of the numerator can be carried out analytically; when only the first term of the above mentioned expansion is taken. The sum over n which appears in Eqs. (8), (9) and (10) is replaced by an integral over the magnitude of the effective field plus a sum over M from S to -S. Thus we put 00
In the above Nc is the total number of impurities and p (2p 11 ll) IS the distribution function for 2p 11 l-I. After a long calculation we obtain 00 The notation Qs(x) is expressed by
S =A (k/ e)~ p (2/ln I-I) Os (2/ln l-1/ !?T) d(2tln I--I), (e >O)
Rmar: is the resistivity due to the exchange interaction alone and R is the total resistivity. It is easy to observe that Eqs. (19) and (20) 
From the above considerations we conclude as follows : 1. Thermo-electric power is independent of the impurity concentration and of the temperature, when the temperature is in the region where the spins are paramagnetic and phonon scattering is negligible. 2. When kT becomes comparable with the Zeeman splittings of the localized spins, thermo-electric power decreases in magnitude and tends to zero as T->0. 3. When phonon scattering dominates over the magnetic scattering, it again decreases in magnitude. The decrease occurs faster for lower concentration than for higher concentration. These conclusions are in general agreement with available experiments, especially with the most systematic investigations by Kjekshus and Pearson 4 ) and MacDonald, Pearson and Templeton. At present we have no explanation of this change over.
It should be noted that our theory is valid only for dilute alloys : It is not valid for magnetic metals in the paramagnetic region, because there is no static perturbation V in metals. One might think that the lattice vibration would play a role of V. However, since the first power of V is involved, we may expect that it averages out to zero.
Since Eq. (19) involves p (2/LBI-1) : , we can obtain inforrnations about it from experimental temperature dependences of S. First, since all of the S-vs-T curves of alloys of transition metals with noble metals show no kink, we may conclude that there is no sharp magnetic transition in these dilute alloys: The effective field sets in gradually. For if there were a sharp transition at TN above which the effective field is zero and below which it increases rapidly, S would decrease linearly below TN in the molecular field approximation.
The second point to be noted is due to Marshall. 
The values of r 8 are giVen 1n Table I . Based on Eq. (30) we can estimate Thus we see that Marshall's specific heat contributes to a substantial part of the anomalous specific heat of Au-Fe alloys. We have presented an alternative explanation of the anomalous specific heat. 10 > With our approximation it is difficult at present to draw a definite conclusion about the relevance of our theory to the difference between the above two values. It must be noted in addition that both theories predict that Lir is proportional to c (2!1nHo) ~1 • We shall point out a connection among low-temperature behaviors of resistivity, thermo-electric power and specific heat of a series of dilute magnetic alloys, which is expected from theoretical considerations. All of these behaviors are sensitively in-fluenced by the presence of the internal field at the localized spms. We first note that :
1. The resistivity shows a deviation from the log T dependence below Ti which 
